Defensins, which are peptides with broad antimicrobial activity, are major constituents of rabbit neutrophils and certain macrophages. We tested six rabbit defensins, NP-1, NP-2, NP-3a, NP-3b, NP-4, and NP-5, for activity against Treponema pallidum subsp. pallidum. Mixtures of T. pallidum and defensin in 10% normal rabbit serum (NRS) or heat-inactivated NRS (HI-NRS) were incubated anaerobically for various time periods ranging between 0 and 16 h and then examined by dark-field microscopy for treponemal motility or inoculated intradermaHly into rabbits to assess treponemal virulence. Immobilization of T. pallidum by NP-1 (400 ,ug/ml) occurred after 4 and 8 h of coincubation in mixtures containing NRS and HI-NRS, respectively. Similarly, neutralization of T. pallidum by NP-1 occurred more rapidly and was complete when incubations were performed in NRS as compared with that in HI-NRS. Endpoint titration confirmed the augmentation of NP-1 antitreponemal activity by heat-labile serum factors; NP-1 showed neutralizing activity at 4 ,ug/ml (about 1 ,uM) in NRS and at 40 ,ug/ml in HI-NRS. When NP-1 was tested in serum that was deficient in C6, the T.
Professional phagocytes have two principal mechanisms of defense against invading microbes. The first relies on reactive oxygen intermediates generated in association with particle ingestion (3, 45) ; these include superoxide, H202, and the hydroxyl radical (43) (44) (45) . Polymorphonuclear leukocytes and circulating monocytes also contain an enzyme, myeloperoxidase, that can amplify the killing activity of H202 by catalyzing formation of hypohalous acids (25, 30) .
Phagocytes also possess oxygen-independent microbicidal mechanisms that equip them to destroy certain infectious agents. These mechanisms arise from diverse antimicrobial molecules that include acid hydrolases, neutral proteases, lysozyme, lactoferrin, and basic polypeptides such as bactericidal permeability-increasing protein (50 to 58 kDa), cathepsin G (25 to 28 kDa), and defensins (3.3 to 3.9 kDa) (15, 29, 30, 44, 57) .
Defensins, which are arginine-and cystine-rich microbicidal peptides, are abundant in the cytoplasmic granules of rabbit alveolar macrophages and polymorphonuclear leukocytes (41, 55) . Alveolar macrophages possess two defensins that were originally designated as MCP-1 and MCP-2 (41), whereas neutrophils contain six defensins that were designated NP-1, NP-2, NP-3a, NP-3b, NP-4, and NP-5 (51) . Amino acid sequence analysis subsequently demonstrated that MCP-1 and MCP-2 were identical to NP-1 and NP-2, respectively (51, 52) . The defensins exert in vitro microbicidal activity against many gram-positive and -negative bacteria (31, 40, 41, 55) , fungi (32, 47, 55) , and some ysis as described elsewhere (53) . Before use in bioassays, defensins in the desired quantities were rendered sterile by vacuum centrifugation in the presence of acetonitrile. Inasmuch as macrophage-derived MCP-1 and MCP-2 are identical to neutrophil-derived NP-1 and NP-2, respectively (52, 55) , we will refer to the macrophage-and granulocytederived defensins as NP-1 and NP-2 in this report.
Reduction and alkylation of NP-1. Lyophilized NP-1 was dissolved in reducing buffer containing 6 .0 M guanidine hydrochloride, 0.1 M Tris-hydrochloride (pH 8.5), and 0.002 M EDTA. The solution was heated to 55°C for 30 min and then cooled to room temperature. Dithiothreitol was added to a concentration of 1.0 mg/ml, and the mixture was incubated for 4 h at 55°C under N2. The solution was brought to room temperature, and either iodoacetic acid or iodoacetamide was added in a fourfold molar excess relative to dithiothreitol. After 20 min of incubation in the dark, carboxymethylated or carboxyamidomethylated NP-1 was purified by reversed-phase high-pressure liquid chromatography. The purity of the carboxyamidomethylated NP-1 and carboxymethylated NP-1 was assessed, and their concentrations were determined as described above for nonderivatized defensins.
Gel electrophoresis. SDS-polyacrylamide gradient slab gels of 10 to 30% with 0.45% cross-linking were used with the discontinuous buffer system of Laemmli (26 (12) . When lesions failed to develop at a fraction of the sites inoculated, each negative site was assigned a value equal to the greatest lesion incubation period in that data set for calculation of the t statistic; a P value of .0.05 was considered statistically significant.
RESULTS
Identification of NP-1 activity against T. pallidum. Although the antibacterial activity of defensins is generally best expressed in serum-free, low-ionic-strength buffers (21), T. pallidum requires serum for in vitro maintenance of virulence and dies rapidly under serum-free conditions. Therefore, in a preliminary experiment we determined whether relatively low (10%) serum concentrations would support the motility and virulence of T. pallidum and examined NP-1 for antitreponemal activity. Suspensions of treponemes (5 x 107/ml) were incubated with or without NP-1 (400 ,xg/ml) in PBS solutions containing 0, 10, 50, or 100% NRS or HI-NRS under anaerobic conditions. After 0, 4, 8, and 16 h of incubation, each suspension was examined by dark-field microscopy. Treponemal motility exceeded 90% throughout the 16-h incubation in suspensions containing 50 and 100% serum, with and without NP-1; no differences were observed between the NRS or HI-NRS preparations (data not shown). In contrast, after 16 h in 10% NRS and 10% HI-NRS devoid of NP-1, treponemal motility was reduced to 46 and 76%, respectively; the motility of T. pallidum at 0, 4, and 8 h in both, however, exceeded 70% ( Motility after 4 and 8 h in the 10% NRS-NP-1 and 10% HI-NRS-NP-1 suspensions was reduced to 16 and 60%, respectively ( Fig. 1 ). To test for virulence, we injected 0.1 ml of each of the above suspensions at their 16-h time points into the clipped backs of two rabbits. Absence of lesion development and delays in the incubation periods correlated well with the observed loss of motility. No lesions developed at the two sites inoculated with T. pallidum suspensions containing NP-1 in 10% NRS, and only one of two sites receiving organisms incubated with NP-1 in 10% HI-NRS developed a lesion, which appeared 5 days after that in the appropriate control (data not shown).
Kinetics of T. pallidum neutralization by NP-1. In the above experiment, animals were infected with 5 x 106 treponemes per inoculation site. To increase the sensitivity of the infectivity assay, subsequent experiments characterizing defensin-mediated neutralization of T. pallidum were carried out with an infectivity assay in which the defensins were incubated with 104 treponemes per ml and then 103 organisms were inoculated intradermally. With this inoculum, characteristic lesions usually develop after 11 to 14 days. Further, each 4-day delay in the lesion incubation period reflects 1 log unit of killing (8) .
The kinetics of NP-1-mediated antitreponemal activity were examined by injecting T. pallidum suspensions containing 400 ,ug of NP-1 in either 10% HI-NRS or NRS after 0, 4, and 16 h of anaerobic incubation. The neutralization of T. pallidum by NP-1 was rapid and complete when the suspending medium was 10% NRS ( Dose titration of NP-1 neutralizing activity. To determine the minimal neutralizing concentration of NP-1 and further examine the augmenting effect of heat-labile serum factor(s), NP-1 was tested as described above at peptide concentrations of 4, 40, 200, and 400 ,ug/ml. NP-1-mediated antitreponemal activity was demonstrable at 4 ,g/ml in the presence of 10% NRS and at 40 ,ug/ml in 10% HI-NRS as indicated by significant delays in lesion incubation periods ( Table 2) . Abrogation of lesion development in 10% HI-NRS was observed only at the highest peptide concentration (400 ,ug/mI), whereas 40% (two of five) of the lesions failed to develop at sites receiving 40-,Lg/ml NP-1 in NRS (Table 2) . These endpoint titration data confirmed the differential treponemicidal activity of NP-1 in 10% HI-NRS and 10% NRS.
The ability of NP-1 to neutralize T. pallidum was critically dependent on serum concentration. To ascertain the nature of this precipitate, we combined NP-1 with 20% NRS or a T. pallidum suspension in 20% NRS as with the neutralization assay, recovered and washed the precipitate, and analyzed it by SDS-PAGE (Fig. 2) . The key findings in this gel are the presence of NP-1 in the initial reaction mixture (lane 3) and the washed precipitate (lane 5) and its absence in the supernatant after centrifugation (lane 4). Since equivalent amounts of supernatant and initial reaction mixture were loaded, virtually all of the NP-1 had precipitated out of solution. In addition to NP-1, the precipitate contained approximately 20 serum polypeptide bands whose estimated molecular masses ranged between 32 and 248 kDa (lane 5). Although the most prominent polypeptide comigrated with serum albumin at 68 kDa (lanes 1 and 7), additional polypeptides with bands at 248, 137, and 120 kDa and a doublet at 53.5 kDa were also precipitated preferentially. Similar results were obtained with the T. pallidum suspensions (lanes 8 through 11) . The faint NP-1 band seen in the supernatant (lane 9) may reflect peptide bound to T. pallidum rather than serum proteins.
Role of complement. The contribution of complement to the enhancement of defensin-mediated antitreponemal activity by heat-labile serum factor(s) was examined by comparing NP-1 neutralizing activity in unheated and heat-inactivated 10% NRS and 10% C6D. NP-1 was tested at 200 p.g/ml, a concentration expected to inhibit lesion development at 50% of the inoculated sites, when in the presence of 10% NRS. The NRS and C6D used were matched for total protein and albumin as determined by biuret assay and quantitative densitometry of electrophoresed agarose gels of each serum (Paragon system; Beckman).
The results of three such experiments are presented in Table 4 . Although the level of NP-1-mediated neutralizing activity varied from experiment to experiment, the greatest level of NP-1 activity was present in suspensions containing 10% NRS, followed by the 10% C6D suspensions and then by the 10% HI-NRS suspensions. Antitreponemal activity by NP-1 in the presence of 10% HI-C6D was demonstrable only in experiment 2, in which there were unexpectedly high levels of NP-1 activity in both the unheated NRS-and C6D-containing suspensions. Although NP-1-mediated neutralizing activity was observed in the absence of C6, it was less potent than that observed in serum with an intact complement cascade. This suggests that, although full activation of the complement pathway in vitro is not required for expression of enhanced NP-1-mediated antitreponemal activity, it contributes substantially to the augmentation phenomenon.
Contribution of native structure and charge. To determine the relative contribution of cationicity and native conformation to its antitreponemal activity, native NP-1 was reduced with dithiothreitol and alkylated with either iodoacetic acid or iodoacetamide. Although both treatments unfold NP-1 by cleaving its disulfide bonds and preventing their reformation, carboxymethylation of NP-1 with iodoacetic acid reduced its net positive charge by 1 for every sulfhydryl alkylated (total of six), whereas the net charge of the native molecule was maintained in the carboxyamidomethyl derivative formed with iodoacetamide. Minimal treponemicidal activity was detected with preparations of either carboxymethylated or carboxyamidomethylated NP-1 ( Table 5 ), indicating that cationicity alone was insufficient to account for the antitreponemal activity of NP-1. The role of positive charge was further explored by comparing the treponemicidal activities of all six rabbit polymorphonuclear leukocyte defensins, whose net charges range from +9 for NP-1 to +4 for NP-5 ( Table 6 ). Each of the six defensins was tested at a concentration of 100 or 400 p.g/ml in the presence of 10% NRS. Although all of the NP molecules had demonstrable neutralizing activity when tested at 400 p.g/ml, NP-3a and (net charge, +8) did not completely inhibit lesion development (Table 6) . Moreover, at 100 pg/ml the activity exhibited by NP-4 (net charge, +5) was approximately 1.5 log units greater than that obtained with the more cationic peptides, NP-1 and NP-2, as indicated by the mean lesion incubation periods; NP-3a, NP-3b, and NP-5 had no detectable activity at this concentration. The above findings confirm that the T. pallidum-neutralizing activity of the defensins is not solely dependent on their net cationicity or charge density.
DISCUSSION
The macrophage has been implicated as the central effector cell in the destruction and clearance of T. pallidum from human and rabbit syphilitic lesions (36, 48, 49) ; however, the mechanisms by which T. pallidum may be destroyed by these phagocytes has not been explored. In this study we examined the rabbit defensins for antitreponemal activity. Our initial studies focused on NP-1, a defensin originally isolated from rabbit lung macrophages and shown to be the most active of the rabbit defensins in other microbicidal assays (41, 51) .
The ability of NP-1 to immobilize T. pallidum in vitro was the first indication of its antitreponemal potential. This activity was remarkable in two respects. First, immobilization was observed within 4 h of coincubation, which is in marked contrast to the 16 h required for T. pallidum immobilization by specific antibody and complement (38) . Second, the extent of NP-1-mediated immobilization was markedly increased by the presence of heat-labile serum components. When NP-1 was tested in the more sensitive infectivity assay, it exerted potent rapid virulence-neutralizing activity that was both time and dose dependent. As in the immobilization assay, maximal activity required heat-labile serum component(s) that augmented the level of NP-1-mediated treponemicidal activity and accelerated its kinetics ( Table 1) . The augmentation of NP-1 antitreponemal activity by heatlabile serum factor(s) was confirmed by endpoint titration (Table 2) . NP-1 exhibited definitive antitreponemal activity (ca. 0.5 log unit) at concentrations of 4 p,g/ml in the presence of 10% NRS and 40 ,ug/ml in 10% HI-NRS.
The conditions used for serum inactivation (56°C for 30 min) characteristically remove antibody-dependent and antibody-independent hemolytic activity of complement (14) , suggesting that complement activation is responsible for augmented defensin antitreponemal activity. The experiments with C6D sera further support this contention (Table   4 ). Although T. pallidum neutralization by NP-1 in 10% C6D was greater than that achieved in either 10% HI-C6D or 10% HI-NRS, maximal activity was observed in the presence of (18) with the surface of the organism, exposing moieties that potentiate complement activation (17) . Since it has been shown that immunoglobulin is associated with freshly extracted T. pallidum (1, 23, 35, 38) , defensin binding may promote complement activation by aggregating prebound, host-derived specific immunoglobulin (9) . This hypothesis is particularly attractive in light of the recent report by Blanco et al. that the rate-limiting step in antibodymediated complement-dependent killing of T. pallidum is the time required for aggregation of antibody-bound rare outer membrane proteins and consequent complement activation (9) . Our demonstration that NP-1 precipitates as many as 20 serum proteins (Fig. 2) 12.6 ± 0.89 (12) (13) (14) 5/5 13.8f ± 1.92 (11-16) CM NP-1 5/5
13.0 ± 1.01 (12) (13) (14) 5/5
14.6' ± 1.52 (13) (14) (15) (16) Control (no NP-1) 5/5 results from an additive or synergistic effect between lethal actions of defensin and complement lysis. The recent studies indicating that the lethal event in human defensin bactericidal activity against Escherichia coli is inner membrane permeabilization (27) raise the possibility of an alternate interpretation. In the presence of unheated serum, sublethal activation of complement by T. pallidum via either the alternative or the classical pathway (17) results in outer membrane breeches that facilitate access of defensin to the bacterial inner membrane, the site of lethality. More refined analysis is required to delineate between these possibilities.
Our observation that carboxymethylated and carboxyamidomethylated NP-1 retain minimal antitreponemal activity is consistent with previous reports on antifungal (16) and antiviral (13, 28) activities of both rabbit and human defensins and further illustrates the importance of three-dimensional conformation to biological action. Structural studies with crystallographic techniques (58) and two-dimensional nuclear magnetic resonance (4, 39) on representative human and rabbit defensins in solution have revealed an amphiphilic three-dimensional structure consisting of spatially separated hydrophobic and charged regions. Reduction and alkylation of NP-1 alter this amphiphilic structure and likely alter its membrane active properties. It is interesting that carboxymethylated NP-1, in contrast to native NP-1, does not induce voltage-dependent ion channels in black lipid membranes (24) .
Among the rabbit defensins, the more basic peptides NP-1 and NP-2 in general possessed the greatest bactericidal activity against multiple strains of gram-positive and -negative organisms (41, 55) . The least cationic of the rabbit defensins, NP-4 and NP-5, had the narrowest spectrum of antibacterial activity and were usually of lesser potency (55) . In contrast, we found that at limiting peptide concentrations NP-4 (net charge, +5) was the most effective rabbit defensin against T. pallidum, followed closely by both NP-1 (+9) and NP-2 (+8). Neither NP-5 (+4) nor NP-3A (+8) possessed activity, suggesting that structural features other than net charge were critical determinants of defensin action against T. pallidum.
Our observation that serum concentrations in excess of 20% inhibited defensin antitreponemal activity (Table 3) was consistent with previous findings that both herpes simplex virus type 1 inactivation by human neutrophil defensins and tumor cell cytolysis by rabbit and human defensins were impaired by the addition of either albumin or serum (13, 34) . In light of this inhibition, the antitreponemal effects of defensins are likely limited to the intracellular environment of the leukocyte phagolysosome, which may contain concentrations of peptide in excess of 10 mg/ml (13) or, after secretion, to the adjacent interstitial spaces (20) , where fluid protein and albumin concentrations approximate our in vitro conditions. The reported total protein and albumin contents of interstitial fluid are approximately 20 and 1% of those of blood plasma, respectively (10, 22) , which is at the threshold of inhibitory concentrations of NP-1 treponemicidal activity in serum. Since defensins have activity against mammalian cells and since polymorphonuclear leukocytes turn over rapidly, it is reasonable that their extracellular activity is tightly regulated to minimize tissue destruction.
Although much remains to be learned about the molecular effectors of antitreponemal activity in macrophages and granulocytes, the experiments presented here suggest that defensins or defensinlike leukocyte components may contribute to the ability of phagocytes to contain or terminate infections by T. pallidum. 
